
ANL-6775 ^ 

argonne Bational Caboratorg 
PERFORMANCE CHARACTERISTICS 

OF EBWR FROM 0-100 Mwt 

by 

E. A. Wimunc, M. Petrick, W. C. Lipinski, 
and H. Iskenderian 



LEGAL NOTICE 

This report was prepared as an account of Government sponsored 
work. Neither the United States, nor the Commission, nor any 
person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, 
with respect to the accuracy, completeness, or usefulness 
of the information contained in this report, or that the use 
of any information, apparatus, method, or process disclosed 
in this report may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for 
damages resulting from the use of any information, apparatus, 
method, or process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee 
of such contractor, to the extent that such employee or contractor 
of the Commission, or employee of such contractor prepares, dis
seminates, or provides access to, any information pursuant to his 
employment or contract with the Commission, or his employment with 
such contractor. 



ANL-6775 
Reactor Technology 
(TID-4500, 24th Ed.) 
AEC Research and 
Development Report 

ARGONNE NATIONAL LABORATORY 
9700 South Cass Avenue 
Argonne, Illinois 60440 

PERFORMANCE CHARACTERISTICS OF EBWR 
FROM 0-100 Mwt 

by 

E. A. Wimunc, M. Petrick, 
W. C. Lipinski, and H. Iskenderian 

Reactor Engineering Division 

September 1963 

Reproduced from Paper No. CN-15/3 presented at the 
IAEA Conference on Operating Experience with Power 
Reactors , Vienna, Austr ia, June 4-8, 1963, sponsored 
by the International Atomic Energy Agency. 

Operated by The University of Chicago 
under 

Contract W-31-109-eng-38 
with the 

U. S. Atomic Energy Commission 





T A B L E O F CONTENTS 

P a g e 

I. INTRODUCTION ^ 

II. N A T U R E OF MODIFICATIONS ^° 

A. Core ^° 

1. F u e l A s s e m b l i e s 

2. C o n t r o l ^^ 
a. C o n t r o l Rods ^^ 
b . Soluble P o i s o n (Bor i c Acid) 12 

B . C o r e S t r u c t u r e and P r e s s u r e V e s s e l I n t e r n a l s 13 

1. C o r e R i s e r ^^ 

2. F e e d w a t e r - i n j e c t i o n Ring 14 

3. S t e a m - d i s c h a r g e S y s t e m 14 

C. A u x i l i a r y E q u i p m e n t 14 

D. S y s t e m F low Cyc le - 14 

III. TEST P R O G R A M , R E S U L T S , AND S P E C I F I C O B S E R V A T I O N S . 17 

A. T h e r m a l H y d r a u l i c P e r f o r m a n c e 17 

1. E x p e r i m e n t a l T e c h n i q u e s 17 
a. S ta t ic P r e s s u r e D i f f e r e n t i a l s 17 
b . T o t a l R e c i r c u l a t i o n F l o w Ra te 18 
c. Subcool ing - 18 
d. V a p o r - L i q u i d I n t e r f a c e 18 
e. S t e a m C a r r y u n d e r • 18 
f. L iquid C a r r y o v e r 19 

2. D i s c u s s i o n of R e s u l t s 20 
a. T o t a l R e a c t o r R e c i r c u l a t i o n F l o w R a t e s 21 

b . Subcool ing . - • 22 
c . S t e a m C a r r y u n d e r 23 
d. S t e a m Vo lume F r a c t i o n s in R i s e r and D o w n c o m e r . 24 
e. T r u e Liquid L e v e l 27 
f. L iquid C a r r y o v e r 28 





TABLE OF CONTENTS 

Page 

B. Physics 29 

1. Functions of Spike Fuel Assennblies 29 

2. Core Pa rame te r s 30 
a. Reactivity Distribution 30 
b. Power Coefficient 31 
c. • Void Coefficient of Reactivity 32 
d. Neutron-flux Distributions 34 

C. Specific Observations 34 

1. Fuel Assemblies 34 

2. Radiation Levels 3 8 
a. Transport of Corrosion Products 38 
b. Plant Activities 38 
c. Fission Gas Release 39 

3. On the Use of Soluble Poisons (Boric Acid) 41 
a. Hideout 41 
b. Dilution - 42 
c. Removal 42 
d. Monitoring 42 

D. Reactor Transfer Function Measurements 43 

1. Methods 43 
a. Sinusoidal Reactivity Input 43 
b. Autocorrelation 45 
c. Noise Frequency Spectrum 46 
d. Random Reactivity Input 49 

2. Summary 5 0 

ACKNOWLEDGMENT • • 51 

REFERENCES 52 

SELECTED READING LIST . • 53 



LIST OF FIGURES 

No. Title Page 

1. EBWR Plate-type Fuel Assembly 10 

2. EBWR Spike Fuel Rod Assembly and Frame 11 

3. Final EBWR 100-Mwt Core Loading. 12 

4. Modified Reactor Vessel and Internals 13 

5. EBWR 100-Mwt Flow Diagram 15 

6. Location of Instrumentation in EBWR Pressure Vessel 17 

7. Total Recirculation Flow Rate as a Function of Reactor 

Power at 600 psig and Various True Mixture Interface 

Le ve 1 s . . . . . 21 

8. Core Inlet Velocity as a Function of Reactor Power and 

Various True Mixture Interface Levels 21 

9. "Map" of Reactor Subcooling as a Function of Reactor Power 

and Various True Mixture Interface Levels. . . . . . . . . . . . . 22 

10. Steam Carryunder as a Function of Reactor Power and True 

Mixture Interface Levels 23 

11. Steam Volume Fraction at Periphery of Riser as a Function 

of Reactor Power at 600 psig and Various True Mixture 

Interface Levels 24 

12. Steam Volume Fraction in Upper Region of Downcomer as a 

Function of Reactor Power and Various True Mixture 
Interface Levels Z4 

13. Steam Volume Fraction in Lower Region of Downcomer as a 

Function of Reactor Power and Various True Mixture 

Interface Levels. 25 

14. Effect of Subcooling on Bubble Collapse Time 26 

15. Steam Volume Fraction as a Function of Reactor Power, 

Showing Void Pattern Expected in Upper Region of 
Downcomer . . . . . . . . . . . ->-> 

16. Height Differential between Actual Interface Level and 

Water Column Level as a Function of Reactor Power and 

Various True Mixture Interface Levels 27 

17. Per cent Liquid Carryover as a Function of Reactor Power, 

Showing Comparison of Data Obtained from Three Sources . 28 

18. Per cent Liquid Carryover as a Function of Distance above 

Vapor Interface for Various Superficial Vapor Velocities . . . 28 



No. 

LIST OF FIGURES 

Title Pagg 

19. Liquid Carryover as a Function of Reactor Power and Var
ious Water Column Levels. (Data from Heat Balance on 
P r imary Reboiler.) 29 

20. Bank Control Rod Calibration 30 

21. Power Coefficient vs . Reactor Power 31 

22. Reactivity vs . Reactor Power 33 

23. Mean Core Steam Volume Fraction vs. Reactor Power 33 

24. Thermal Neutron Flux Isogram Plot for Reactor Power of 
40 Mwt and Soluble Poison Concentration of 25 ppm Boric 
Acid • 35 

25. Thermal Neutron Flux Isogram Plot for Reactor Power of 
40 Mwt and Soluble Poison Concentration of 1200 ppm Boric 
Acid 36 

26. Location of Radiation Measurement Points in Reboiler 
Building 40 

27. EBWR Fission Gas Release vs. Reactor Power 41 

28. Reactor Transfer Functions 44 

29. Block Diagram of Reactor with Feedback 45 

30. Reactor Gain and Phase Stability. 46 

31. Reactor Power vs. Time as Recorded Directly from Ioniza
tion Chamber Output 47 

32. Autocorrelation Function at 100 Mwt 47 

33. Noise Frequency Spectrum at 100 Mwt 48 

34. Discre te - in te rva l Binary Noise. 49 

35. Velocity-limited, Discre te- in terval , Binary Noise 49 

36. Velocity-limited, Discre te- in terval , Binary Noise Frequency 
Spectrum 49 

37. Transfer Function at 40 Mwt Obtained by Cross -cor re la t ion 
of Neutron Flux Output with Binary Noise Reactivity Input . . . 50 



LIST OF TABLES 

No. Title Page 

I. Reactor Design Data 8 

II. Accumulated Reactor and Generator Operation 9 

III. Control Rod Positions vs. Power 32 

IV. Radiation Levels in Containment Shell (mr /h r ) 39 

V. Root-mean-square Noise under Various Reactor Operating 
Conditions • • 48 



PERFORMANCE CHARACTERISTICS 
OF EBWR FROM 0-100 Mwt 

by 

E. A. Wimunc, M. Petr ick, 
W. C. Lipinski, and H. Iskenderian 

I. INTRODUCTION 

The Experimental Boiling Water Reactor (EBWR) was originally 
constructed to demonstrate the feasibility of a direct-cycle , natural -
circulation, boiling-water reactor integrated power plant. The reactor was 
designed to produce 20,000 kw of heat in the form of 600-psig saturated 
steam which was fed directly to a turbogenerator, generating about 5,000 kw 
of electrici ty. This power level was considered as a minimum value for 
producing useful information which could be extrapolated and used in the 
design of large, central -s ta t ion power plants. The reactor achieved c r i t i 
cality during December 1956, and began full-power operation at 20 Mwt on 
December 29, 1956. 

Subsequent experiments at power levels ranging from 20 Mwt to 
40 Mwt indicated that stable operation at powers as high as 66 Mwt was 
possible with the initial 4-ft-diameter core. This was affirmed in 1958 by 
the sho r t - t e rm operation of the plant at 61.7 Mwt. Fur ther power increase 
at this time was precluded by the feedwater pumps which were operating at 
maximum capacity. 

A detailed study of EBWR stability was made by taking a ser ies of 
t ransfer function measurements relating flux or power level to reactivity 
input. Data at various power levels, steam p r e s s u r e s , and control rod 
positions were accumulated, analyzed, and extrapolated to predict reactor 
performance at higher power levels. The resul ts of this study were the 
subject of a paper presented at the 1958 Geneva Conference.! 1) 

Subsequent analyses and projection of these data to a 5-ft-diameter 
core indicated that with some modification of the core s t ructure and p r e s 
sure vessel in ternals , and with additional heat - removal equipment, EBWR 
could operate at or near 100 Mwt. In July 19 59, the reactor plant was shut 
down prepara tory to the onset of proposed modifications. 

The modification of EBWR represented another successful pioneering 
endeavor at the birthplace of nuclear r eac to r s . In addition to the system 
changes and additions that were effected, the core was instrumented exten
sively. This entailed development of unique instrumentation techniques to 
ensure quantitative data about the performance charac te r i s t i cs of the r e 
actor at elevated power levels. 



On May 25, 1962, p e r m i s s i o n was g r a n t e d by the U.S. A tomic E n e r g y 
C o m m i s s i o n to o p e r a t e EBWR at power l e v e l s up to 100 Mwt. A d m i n i s t r a 
t ive app rova l by the I n t e r n a t i o n a l A tomic E n e r g y Agency was g r a n t e d on 
Ju ly 11, 1962. 

Upon comple t ion of the mod i f i c a t i ons , the r e a c t o r was s u b j e c t e d to 
a s e r i e s of s tab i l i ty t e s t s a t s u c c e s s i v e power l eve l i n c r e a s e s up to 70 Mwt. 
After ca re fu l ana ly s i s and s c r u t i n y of the da ta , it was d e c i d e d tha t o p e r a t i o n 
at 100 Mwt could be ach ieved safely . 

This paper s u m m a r i z e s the s ign i f ican t o b s e r v a t i o n s and r e a c t o r 
p e r f o r m a n c e data evolved dur ing the p e r i o d f r o m Ju ly 1959 to D e c e m b e r 6, 
1962. The l a t t e r date m a r k e d the shutdown and t e r m i n a t i o n of the w a t e r -
cooled r e a c t o r p r o g r a m at the L a b o r a t o r y . M o s t of the da ta w a s ob ta ined 
dur ing the l a s t 6 months of ope ra t ion . 

The pe r t i nen t r e a c t o r des ign da ta a r e s u m m a r i z e d in T a b l e I. 
Table II l i s t s the r e a c t o r - g e n e r a t o r o p e r a t i o n and output a c c u m u l a t e d a t the 
t ime of shutdown. 

Table I 

REACTOR DESIGN DATA 

Maximum Power 

Maximum Operating Pressure 

Number of Elements 

Fuel Subassembly 

Plate 
Spike 

Clad 

Total Fuel Content 

Active Core Diameter and Height 

Total Fuel Heat Transfer Area in Core 

100 Mwt 

600 psig 

147 

1 15 (metallic U) 
32 (UO2) 

Zircaloy-2 

6.2 tons (5700 kg) 
-90 kg U"5 

5 X 4 ft 

2480 ft̂  

Calculated Heat Transfer Data 

Average Power Density, kw/liter* 
Average Heat Flux, Btu/(hT)(ft^) 
Maximum Heat Flux, Btu/(hr)(£t^) 
Per Cent of Power Removed 
Equivalent Diameter of Coolant Channel, in. 

Central 
Thin 

Enriched 
Zone 

113.3 
225,353 
346,000 
31.25 
0.781 

Spike 
Zone 

130 
147,160 
246,100 
23.27 
0.45 

Outer 
Thin 

Enriched 
Zone 

92.8 
185,000 
283,605 
11.37 
0.781 

Thick 
Enriched 

Zone 

77. 1 
1 18,000 
172,000 
34.1 1 
0.653 

•Kilowatt per liter of coolant ir 



Table II 

ACCUMULATED REACTOR AND 
GENERATOR OPERATION 

Reactor 

hr 
Mw-hr 

Generator 

hr 
Mw-hr 

Total to 
7/3/59 

11,225 
211,509 

8,745 
35,006 

Total to 
12/6/62 

15,665 
294,028 

10,603 
39,696 
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A. Core 

II. NATURE OF MODIFICATIONS 

1. Fuel Assemblies 

The core of the modified EBWR consisted of the original 
115 plate-type fuel assemblies plus 32 enriched spike assembl ies . Four 
variations of plate-type assemblies (see Fig. 1) were employed: the plates 
were thin (0.212 in.) or thick (0.280 in.), and contained natural or enriched 
(1.44% U"^) uranium. The natural uranium plates comprised a heat- t reated 
ternary alloy of 93.5 w/o natural uranium (0.72% U"^), 1.5 w/o niobium, and 
5 w/o zirconium, with Zircaloy-2 cladding. The side plates were made 
thick enough (.^in.) to weld to the fuel plates and were perforated to allow 
stretching (creep) in the event of elongation of the fuel plate under i r r ad ia 
tion. The enriched uranium plate assemblies were structural ly s imilar but 
contained uranium enriched to 1.44% in U 

FUEL PLATES (6) 

(48 IN. ACTIVE LEHQTH) 

112-2623 

Fig. 1. EBWR Plate-type Fuel Assembly 
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The concept of a spiked fuel assembly was predicated on the 
desire to minimize r e sea rch and development of new fuel assemblies and 
to utilize the maximum number of original EBWR fuel assemblies . Each 
spike assembly (see Fig. 2) was comprised of 49 fuel rods. Each fuel rod 
consisted of UOj fuel (> 90% enriched in U^") dispersed in a ZrOz + CaO-matri> 
pellet and clad with Zircaloy-2. The gap between the pellet and the clad was 
filled with helium. Some flexibility in the worth of each spike was obtained 
by adding 1.1% boron-stainless steel poison strips to the spike f rames. 
These str ips were easily removed when additional reactivity was required. 
The worth of a spike element containing boron strips and located in the 
spike zone was as follows: 

Spike assembly containing 2 boron s t r ips: 0.14% Ak; 
Spike assembly containing 1 boron str ip: 0.23% Ak; 
Spike assembly without boron s t r ips: 0.32% Ak. 

1 . 1 * BOROH S S T - , 

UO, + Zr 0 , + CaO — 

112-2624 
Fig. 2. EBWR Spike Fuel Rod Assembly and Frame 

A stepwise approach in loading the reactor to the final con
figuration required a number of core changes, which included fuel r e a r 
rangement, fuel additions, and removal of some burnable poison s tr ips 
from the spike assemblies , consistent with the established loading 
cr i te r ia . These c r i t e r ia were: 

The system must always have the capacity to be made sub-
cr i t ical at any time by use of only eight of the nine control 
rods and boric acid. 
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(2) No loading was to be installed which would be cr i t ical with 
all nine rods fully inserted and with no boric acid in the 
reactor core. 

Figure 3 shows the final arrangement of fuel assemblies in the 
core for operation at 100 Mw. 

2. Control 
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a. Control Rods. 
P r imary reactor control was ef
fected by nine c ross-shaped rods: 
each 60 in. long, 10-in. wide, 
0.25 in. thick, and fabricated from 
Type 304 stainless steel contain
ing 2 w/o boron. The 10-in.wide 
portion of the control rod follower 
was made of Zircaloy-2. These 
rods were identical with the origi
nal set of rods placed in the EBWR 
in 1956. The central control rod 
was replaced by a 4-ft-long haf
nium rod. This rod was used in 
conjunction with an oscillator 
mechanism to obtain transfer func
tion data. 

b. Soluble Poison 
(Boric Acid). In addition to the 
nine control rods, boric acid solu
tion was used with the final core 
loading to provide a sufficient 
range of'reactivity control to in

sure a clean, cold shutdown margin and yet permit reaching a power level 
of 100 Mwt. The final core loading required 1060 ppm of boric acid in the 
reactor water in order to meet the 8-rod shutdown cr i te r ia . The reactor 
was also subcritical without boric acid and with all nine rods fully inserted 
The void coefficient remained negative at all concentrations up to 2640 ppm 
which was the maximum range of interest . Each gram of boric acid per gal 
of reactor water (264 ppm) was sufficient to hold down about 1% p. 

B°^ic a-'̂ id having a concentration of 182 gm/gal was stored 
in a 200-gal tank. The solution could be pumped into the reactor feedwater 
Une under pressure, pumped into the condenser hotwell, or into the low-
pressure boric acid-spray ring located within the reactor vessel . Positive 
displacement pumps were utilized and could be energized from the control 
room. The maximum pumping rate was 2.8 gpm of 182-gm/gal solution 
The reactor vessel has a normal water inventory of about 4,000 gal. 

112-2621 
Fig. 3. Final EBWR 100-Mwt Core 

Loading 
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B. Core Structure and P r e s s u r e Vessel Internals 

The following modifications were designed pr imari ly to increase 
recirculat ion flow rates in the reactor by approximately a factor of two in 
order to reduce the steam volunne fractions in the core and, hence, loss of 
reactivity. 

1. Core Riser 

The new r i s e r arrangement (see Fig. 4) basically consists of 
an addition to the original system, which was essentially the control rod 

NSTRUHEHT NOZZLE 

5TEAH DUCT 

3-FOOT 7>-'Z CONTROL ROD 
FOLLOWEftS (B) 

CORE SUPPORT GRID 

INDEXING PLUG 

NEW 1̂ * GAGE LINE-

NEH 10-INCH STEAM 

POISON SPRAr RING 

SHOCK SHIELD (TOP 

NEW 0-IHCH CONOEHSATE RETURN LINE 

NEW ly* GAGE LINE 

SHOCK SHIELD (LOMER SECTION) 

6-FOOT ABSORBER CONTROL ROD (9) 

REMOVABLE CORE RISER (LOWER SECTION] 

CONTROL ROD GUIDE SHROUD (FIXED) 

OHIG. CONDENSATE RETURN LIME 

B-FOOT STROKE RACK AND PINION 
CONTROL ROD DRIVE MECHANISM (9) 

112-2625 Fig. 4. Modified Reactor Vessel and Internals 
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guide superstructure. The total height is approximately 7.5 ft above the 
shroud. This height was chosen as the maximum feasible for maintaining 
the steam-water interface within a desired level range and for reducing 
the liquid carryover . The upper portion of the r i s e r was necked down so 
that the increased downcomer area and resultant reduced water velocity 
would aid de-entrainment of steam in the downcomer. 

In addition, a cylindrical shell was installed around the core to 
provide a tight closure between the r i se r and the core shroud. These modi
fications were intended to prevent any short circuiting of the fluid from the 
downcomer to peripheral r i s e r sections and core due to static p re s su re 
differences inherent in such systems. 

2. Feedwater-injection Ring 

The effectiveness of the r i se r was enhanced by installing a new 
feedwater-injection ring just below the top of the r i s e r . With this a r range
ment, steam carr ied under in the downcomer would be mixed with the 
influent cold feedwater and quenching would be initiated rapidly. 

3. Steam-discharge System 

The original s team-discharge ring and 6-in. outlet nozzle were 
removed from the pressure vessel , and the vessel penetration was enlarged 
to accommodate a 10-in. discharge nozzle. The larger size of outlet was 
necessary because of the increased steam loads at the higher powers. At 
100 Mw, the steam load is approximately 300,000 Ib/hr. The s team is col
lected from the very top of the reactor vessel by a duct arrangement . The 
duct arrangement was installed to accommodate the high liquid levels brought 
about by the addition of the taller r i se r . 

C. Auxiliary Equipment 

Additional equipment installed within the containment shell included 
two feedwater fi l ters, a deaerator, subcooler, two feedwater pumps, and an 
instrument air compressor. A 16-ft-long gauge board was installed in the 
control room. A major portion of the equipment was located external to the 
containment building (see Fig. 5). 

D. System Flow Cycle 

Figure 5 is a simplified flow diagram of the design of the 100-Mwt 
reactor plant. The reactor was operated as a di rect -cycle , boiling-water 
reactor, cooled and moderated by natural circulation of light water. Except 
for minor modifications, the 5-Mwt turbogenerator plant and associated 
equipment were operated in essentially the same manner as originally de
signed. The Reboiler Plant was operated in paral lel to handle the increased 



ME*TIMG STEAM 

111-9480 
F i g . 5. EBWR 100-Mwt F l o w D i a g r a m 
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heat output. Distribution of the thermal power output at 100 Mw was as 
follows: 20 Mwt was utilized by the Turbine Plant, and the balance (up to 
80 Mwt) was absorbed by the Reboiler Plant. 

The Reboiler Plant is divided into pr imary , intermediate, and 
secondary systems. The pr imary system is operated at a p r e s su re of 
560 psig saturated, the intermediate system at 350 psig saturated, and the 
secondary system at 200 psig. The secondary system operates at the same 
pressure as the Laboratory steam system. An intermediate system was 
incorporated to preclude radioactive steam from entering the Laboratory 
heating system. The Reboiler Plant can supply steam to the Laboratory or 
dissipate the energy through air-cooled heat exchangers. Details of the 
system and components are described in Reference 2. 

A number of problems were encountered with new equipment dur
ing startup of the plant. The most predominant was maloperation of valves 
of all types. For the most part, the difficulties experienced were attribut
able to poor quality-control inspection by the vendor, or to improper instal
lation by the contractor. 

Pumps and controls also presented some operational problems. For 
example, the contractor had installed a pump-cutoff switch at the same 
level as the flash tank low-level alarm. This condition could have damaged 
the large, intermediate feedwater pumps, but fortunately was discovered in 
time and rectified. 

All four sleeve bearings on both intermediate pumps required r e 
working. Insufficient lubrication caused the bearings to exceed normal 
operating temperatures. This situation was corrected by cutting grooves 
in the Babbitt metal bearings to enhance oil lubrication of the pump shafts. 

Pipe lines to the level controller, sight gauge, and level a larm on 
both primary reboilers were revised to prevent particulate matter from 
plugging the lines and giving false indications. 

After these and other equipment problems were corrected, plant 
performance was satisfactory. The modified plant was never subjected to 
shake-down operation in advance of the experimental program. As a r e 
sult, the shake-down and the experimental program were ca r r ied out 
simultaneously in order to complete the program on schedule. 
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III. TEST PROGRAM, RESULTS, AND SPECIFIC OBSERVATIONS 

A. Thermal Hydraulic Performance 

The thermal hydraulic test program with EBWR was focussed 
pr imari ly on the vapor-liquid separation process and its effect on reactor 
performance. By adding the tal ler r i se r and raising the operating water 
level, the s team-water separation problem was greatly aggravated. This 
problem may be categorized into three main par t s : (l) steam carryunder 
in the downcomer; (2) liquid carryover in the effluent steam; and (3) main
taining the actual vapor-liquid interface within a fixed height range. 

Because the degree of pr imary steam separation that would take 
place within the reactor vessel was virtually unknown, and because of the 
tremendous effect this could have on reactor performance, the reactor 
was extensively instrumented to provide data or information on the r e 
circulation flow rate; volumetric and weight fraction of vapor carryunder 
in the downcomer; reactor subcooling; r i se r void fractions; rate of quench
ing of entrained vapor in the downcomer; location of the true two-phase 
mixture interface within the reactor; and liquid carryover in the effluent 
s te am. 

1. Experimental Techniques 

A complete description of the experimental techniques and a 
description of the thermal hydraulic instrumentation are given in Refer
ence 4. Briefly, the data were acquired in the following manner. 

a. Static P re s su re Differentials. Static pressure differen
tials were measured with specially designed probes located at the posi
tions shown in Fig. 6. Three probes were located in the downcomer, 
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two in the r i ser , and two above the r i se r . The static p ressu re differentials 
are readily converted to steam volume fraction since frictional and acce le r 
ation pressure drops may be considered negligible. The three probes in the 
downcomer provided data on the magnitude of steam carryunder , how rapidly 
it was quenched, and the loss of driving head due to the voids present in the 
downcomer. Measurements of the steam volume fraction derived from the 
r i ser probes were used as a basis of comparison with the calculated pe r 
formance character is t ics of the reactor . The two probes located above the 
r i ser provided data on the vapor holdup and aided in locating the actual vapor 
liquid interface. 

b. Total Recirculation Flow Rate. Because of the occurrence 
of carryunder, the recirculation flow rate can no longer be determined by 
the subcooling technique. An impact meter was selected for measurement 
of the recirculation velocity; more specifically, a stauschiebe tube, because 
it yields an approximately 50% greater reading than the normal impact 
meter such as a pitot tube,was chosen. Three stauschiebe tubes were placed 
in the downcomer approximately 120° apart and at three different radii to 
obtain equal area readings. 

c. Subcooling. Subcooling measurements were made with in
sulated, chromel-alumel thermocouples sheathed in a tube (of y^-in. OD), 
Six couples were located at various positions in the downcomer near the 
bottom of the reactor core. Three of the couples were attached to the 
stauschiebe tubes. 

d. Vapor-Liquid Interface, The vapor-liquid interface was 
located by a ser ies of differential pressure readings taken from five taps 
penetrating the reactor vessel in the region of r i se r discharge (see Fig. 6, 
positions 11, 12,13, and 14). By comparing the ser ies of readings with 
equivalent lengths of pure stearn and saturated water, the vapor-liquid 
interface can be pinpointed within a limited height range 

e. Steam Carryunder, The steam carryunder was calculated 
from the measured recirculation tlow rates and subcooling by means of the 
following heat balances: 

Wx Wj 
W T - W I (̂ f " ^'^^^ ' W T - W I (̂ f • ^ l ' + ^D hfg = X^̂  (hf - hM) : 

( Q / W T ) - AH 
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w h e r e 

W-p = t o t a l r e c i r c u l a t i o n flow r a t e , I b / h r 

Wj = ion e x c h a n g e r f low, I b / h r 

h£ = en tha lpy of s a t u r a t e d l iquid , B t u / l b 

h in = e n t h a l p y of in le t c o r e coo lan t , B t u / l b 

hj = e n t h a l p y of ion e x c h a n g e r eff luent , B t u / l b 

Xj3 = s t e a m qua l i t y in d o w n c o m e r 

h£_ = h e a t of v a p o r i z a t i o n 

Xj^ = s t e a m qua l i t y in r i s e r 

X ^ = r a t i o of W j ^ / w ^ w h e r e W j ^ is the f e e d w a t e r flow r a t e , I b / h r 

•^M " e n t h a l p y of f e e d w a t e r , B t u / l b . 

In the even t t ha t l iqu id c a r r y o v e r o c c u r s in the effluent 
s t e a m , the h e a t b a l a n c e m u s t be mod i f i ed , and the fol lowing e q u a t i o n 
r e s u l t s : 

X p ( W M / W T ) ( h f - h M ) - ( h f - h ^ n ) 

X R ( Q / W T ) - ( h f - h i J 

w h e r e 

Q = r e a c t o r p o w e r , B t u / h r 

Wyi = f e e d w a t e r flow r a t e , I b / h r 

W x = t o t a l r e c i r c u l a t i o n flow r a t e , I b / h r 

, pounds s t e a m in d o w n c o m e r 
X D / ^ R " pounds s t e a m in r i s e r 

f. L iqu id C a r r y o v e r . Da ta on the m a g n i t u d e of the l iqu id 
c a r r y o v e r w e r e ob t a ined f r o m t h r e e s o u r c e s . The p r i n c i p a l and m o s t 
a c c u r a t e s o u r c e w a s a s e r i e s of h e a t b a l a n c e s on the s e c o n d a r y and 
p r i m a r y h e a t - d i s s i p a t i o n s y s t e m s . A h e a t b a l a n c e on the s e c o n d a r y 
s y s t e m e s t a b l i s h e s the t r u e r e a c t o r p o w e r . Knowing the t r u e r e a c t o r 
p o w e r , the l iqu id c a r r y o v e r can then be c o m p u t e d by m a k i n g a h e a t 
b a l a n c e on the p r i m a r y r e a c t o r s y s t e m . In the c a s e of EBWR, the h e a t 
b a l a n c e w a s m a d e w i t h the p r i m a r y r e b o i l e r w h i c h h a s a s i t s h e a t s o u r c e 
the r e a c t o r s t e a m : 

• ^ lE^ fg . IE 
WpRhfg p i ^ 
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w h e r e 

W T £ = i n t e r m e d i a t e hea t e x c h a n g e r flow r a t e , I b / h r 

hr r-^ = hea t of v a p o r i z a t i o n in the i n t e r m e d i a t e hea t e x c h a n g e r 

W p n = p r i m a r y r e b o i l e r flow r a t e , I b / h r 

h , „ „ = hea t of v a p o r i z a t i o n in the p r i m a r y r e b o i l e r . 
t g . P R 

Liquid carryover data w e r e a l s o ob ta ined f r o m the d i s 
c r e p a n c y be tween the m e a s u r e d f eedwa te r and s t e a m - d i s c h a r g e flow r a t e s . 
When liquid c a r r y o v e r o c c u r s , m o r e f e e d w a t e r is i n j ec t ed into the r e a c t o r 
than s t e a m is wi thd rawn . This d i s c r e p a n c y is a c t u a l l y a m e a s u r e of the 
r a t e of l iquid c a r r y o v e r . The m a j o r u n c e r t a i n i t y in t h e s e da t a i s the r a t e 
of s t e a m flow. With l a r g e a m o u n t s of w a t e r in the s t e a m , the m e a s u r e d 
s t e a m r a t e is undoubtedly in e r r o r . The m a g n i t u d e of the e r r o r i s u n 
known. However , the c a r r y o v e r da ta obta ined in th is m a n n e r c h e c k w e l l 
wi th va lues obta ined by the h e a t - b a l a n c e m e t h o d . 

The t h i r d m e t h o d c o n s i s t e d of taking s t e a m s a m p l e s f r o m 
sampl ing p r o b e s loca ted 6 in., 14— in. , and 2 2 Y in. below the s t e a m -
d i s c h a r g e duct . The s a m p l e s w e r e ana lyzed for the s o d i u m - 2 4 con ten t . 
The r e s u l t s w e r e c o m p a r e d wi th a s a m p l e of r e a c t o r w a t e r ob t a ined f r o m 
a s ampl ing point in the d o w n c o m e r . T h e s e da ta w e r e u s e d to e s t a b l i s h 
c a r r y o v e r g r a d i e n t s a s a function of s t e a m dome he ight . E x t r a p o l a t i o n to 
the he ight of the s t e a m duct y ie lds the ac tua l l iquid c a r r y o v e r . 

2. D i s c u s s i o n of Resu l t s 

A b road g e n e r a l i z a t i o n of the r e s u l t s is a s fo l lows : 

The r e a c t o r p e r f o r m a n c e c h a r a c t e r i s t i c s a r e g o v e r n e d d i r e c t l y 
by s t e a m c a r r y u n d e r in the d o w n c o m e r , l iquid c a r r y o v e r in the eff luent 
s t e a m and, i n d i r e c t l y , by the loca t ion of the t r u e w a t e r - s t e a m i n t e r f a c e in 
the v e s s e l . 

The effect of s t e a m c a r r y u n d e r and l iquid c a r r y o v e r on r e a c t o r 
p e r f o r m a n c e is r e f l ec t ed in the co re in le t subcool ing and, h e n c e , m e a n d e n 
si ty of the c o r e m o d e r a t o r . As the magn i tude of the s t e a m c a r r y u n d e r i n 
c r e a s e s , the subcool ing and m o d e r a t o r dens i ty d e c r e a s e , s ince the m e a n 
s t e a m vo lume f rac t ion i n c r e a s e s . The effects a r e r e v e r s e d in the c a s e of 
l iquid c a r r y o v e r . In o r d e r to m a i n t a i n a cons tan t l iquid i n v e n t o r y , an e x 
c e s s of cold f eedwa te r is in jec ted into the r e a c t o r . Th i s i n c r e a s e s the 
r e a c t o r subcool ing and, hence , the r e a c t i v i t y . The e x c e s s w a t e r is e x p e l l e d 
in the effluent s t e a m . The c a r r y o v e r phenomenon r a d i c a l l y a l t e r s the 
p e r f o r m a n c e c h a r a c t e r i s t i c s of the r e a c t o r . Under t h e s e c o n d i t i o n s , it is 
not a n o r m a l d i r e c t - c y c l e b o i l i n g - w a t e r r e a c t o r ; in a s e n s e , it b e c o m e s a 
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natural-circulat ion, dual-cycle reactor . The steam carryunder and liquid 
car ryover are very sensitive to the true two-phase mixture interface level 
within the reactor vessel . As the interface is lowered, the carryunder 
r i s e s rapidly and the carryover decreases . As the interface level is 
raised, the effects are opposite: carryunder decreases and carryover 
increases . 

a. Total Reactor Recirculation Flow Rates. Figure 7 is a 
plot of the recirculat ion flow rate as a function of power. The magnitude 
of the flow rate in the lower power range is in agreement with ear l ie r core 
analyses and extrapolation from EBWR data. Analyses indicated that a 
two-fold increase in flow rate could be expected with the additional r i se r 
height. However, the rate of increase of the recirculation velocity with 
power was not as large as predicted. The lower rate of increase of flow 
is attributed to loss of subcooling and, hence, of increased frictional r e 
sistance in the core resulting from steam carryunder in the downcomer. 
At power levels above 40 Mw, the flow rates tend to level off and are 
affected slightly by the true water -s team interface level. This is evidenced 
by the data scattering on the figure. This behavior is a result of the in
direct effect of the interface height on the reactor subcooling through its 
effect on the liquid carryover and vapor carryunder. 

30 40 50 60 
REACTOR POWER, Mw 

Fig. 7 

Total Recirculation Flow Rate as a 
Function of Reactor Power at 600 psig 
and Various True Mixture Interface 
Levels 

112-2608 

These trends are more clearly shown in Fig. 8. The core 
inlet velocity data were obtained from turbine-type (Potter) flow meters in
stalled in an instrument assembly near the center of the core.(5) Note the 
branching of the velocities as a function of the true interface height. 

Fig. 8 

Core Inlet Velocity as a Function of 
Reactor Power and Various True 

Mixture Interface Levels 
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The measured recirculation flow rates at power levels 
from 5 Mw to 100 Mw ranged from 4.7 to 7.25 x l o ' Ib/hr. These cor 
respond to a velocity ranging from 1.2 to 1.9 f t /sec in the upper downcomer. 

When the make-up water was injected in the lower feed-
water ring, the reactor appeared to have reached an equilibrium state. 
Over the power range from 5 to 20 Mw, the equilibrium recirculation flow 
rate was ~4.7 x 10^ Ib/hr. The equivalent velocity in the upper downcomer 
region is 1.2 ft /sec. Under this mode of operation, the steam voids car r ied 
under are not collapsed until they reach the lower feedwater ring located 
below the r i ser . Therefore, the reactor stabilizes at a total flow just above 
the critical value for the initiation of steam carryunder. When the cri t ical 
value is exceeded and steam carryunder commences, small amounts of 
steam produce large steam volume fractions, since the relative velocity 
of the two phases is essentially zero. This, in turn, immediately tends to 
reduce the net driving head by decreasing the density in the downcomer, 
and equilibrium conditions are rapidly achieved. The measured equilibrium 
downcomer velocity of 1.2 ft/sec agrees very well with laboratory loop 
data which show the threshold velocity for the initiation of steam c a r r y -
under at 600 psi to be 1.3 ft /sec. 

b. Subcooling. Subcooling is, perhaps, the most important 
measurable reactor parameter, since it reflects the effects of carryover 
and carryunder, and the variation of other parameters such as rec i rcu la 
tion flow and interface height. The effects of the vapor carryunder, liquid 
carryover, and true interface height are clearly evident in the subcooling 
"map" of EBWR (Fig. 9). The inception of liquid carryover can virtually 
be pinpointed. The seriousness and magnitude of the vapor carryunder is 
readily apparent. The magnitude of the liquid carryover can also be 
easily deduced. 
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"Map" of Reactor Subcooling as a 
Function of Reactor Power and 
Various True Mixture Interface 
Levels 
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As evidenced by Fie 9 reartnr oi,K^^„i-
y J- ig. 7, reactor subcooling is extremely 

sensitive to the true mixture interface height. The family of curves ob
tained as a function of interface height merge at the low reactor powers. 
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At an average interface height of 16 ft 9 in., the subcooling increases slightly 
with power, peaks at about 20 Mw, and then diminishes rapidly toward zero 
at about 50 Mw. This pattern of subcooling is a resul t of the steam c a r r y -
under in the downcomer. For normal reactor operation, if no steam ca r ry -
under is present , the subcooling increases continuously with power. At zero 
subcooling, the carryunder is 34.6 w/o. 

As the interface height is increased, the subcooling increases 
slightly and the peak occurs at a higher power level. This behavior is due 
to the fact that the carryunder is a function of the interface height. For the 
same power and flow, the carryunder decreases as the interface height in
c reases ; therefore, the subcooling is greater . The subcooling becomes zero 
at about 70 Mw. 

At an interface height of 20 ft, the trend with power is the 
same in the lower range. However, at a power level of approximately 70 Mw, 
the subcooling increases sharply. The height of the steam dome has de
creased to a point where, coupled with a superficial vapor velocity of 
1.25 f t /sec in the steam dome, liquid carryover occurs. As the power is 
increased beyond this point, the vapor velocity also increases and the quan
tity of liquid car r ied over r i ses rapidly. The identical trend is seen in the 
data taken at an interface height of 20 ft 6 in. The difference is that the sub
cooling is again slightly higher and the point of carryover is reached at a 
lower power level. This is due to the fact that the steam dome height is 
smaller . 

c. Steam Carryunder. The steam carryunder in the reactor 
was calculated from a heat balance by means of the measured subcoolings 

and flow ra tes , as discussed p r e 
viously. The steam carryunder as 
a function of power and interface 
height is plotted in Fig. 10. For 
these runs, the make-up water was 
injected in the upper feedwater ring. 
The quantity X ^ / X R on the ordinate 
is equivalent to the fraction weight 
per cent of carryunder. The ca r ry -
under is substantial, ~20%, at the 
lower powers. This is due to the 
fact that the recirculation flow rates 
are of such magnitude that the thresh
old velocity for initiation of c a r r y -
under is exceeded even at the very 
low powers. As mentioned previously, 
the data indicated that the threshold 
water velocity for the initiation of 

carryunder is 1.2 I t / s ec . As the power is increased, the carryunder in
c reases gradually to a value of ~40% at 100 Mw for an intermediate mixture 

REACTOR POWER. Mw 

112-2617 
Fig. 10. Steam Carryunder as a 

Function of Reactor Power 
and True Mixture Inter
face Levels 

1.2 f t /s 
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interface height. That is, 40 w/o of all steam generated in the core is 
being entrained in the downcomer. The average water velocity m the 
downcomer at 100 Mw was 1.9 f t /sec. 

It is interesting to note that the carryunder has exceeded 
the theoretical value of 34.6% (which corresponds to the point at which all 
subcooling is eliminated and recirculation of steam commences). This is 
due to the occurrence of liquid carryover. 

The magnitude of vapor carryunder in the downcomer is 
somewhat startling, but corroborating evidence is gained from an analysis 
of the physics data as described in a later section. 

Laboratory loop studies(6) showed that as power is in
creased for a fixed recirculation velocity, the per cent of carryunder de
creases , reaches a minimum, and then begins to increase. This sequence 
did not occur in the reactor, since the recirculation velocity continued to 
increase slightly with power. Once the threshold velocity for carryunder 
is passed, substantial increases in carryunder occur with small increases 
in velocity. In EBWR, the expected decrease of carryunder with increasing 
power apparently was nullified by the increase in the recirculation velocity. 
The overall effect was that the per cent of carryunder continued to in
crease with power. 

d. Steam Volume Fractions in Riser and Downcomer. The 
steam volume fractions in the r i ser and the downcomer are shown in 
Figs. 11 through 13. The variation of the r i se r steam volume fraction with 

0 10 20 30 40 50 60 70 80 90 100 

REACTOR POWER, Mw 

112-2614 

Fig. 11. Steam Volume Fraction at 
Periphery of Riser as a 
Function of Reactor Power 
at 600 psig and Various 
True Mixture Interface 
Levels 
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Fig. 12. Steam Volume Fraction in 

Upper Region of Down
comer as a Function of 
Reactor Power and 
Various True Mixture 
Interface Levels 
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power can also be scrutinized for the effects of liquid carryover and steam 
carryunder . In the lower power region (10-40 Mw), where the steam c a r r y -
under is predominant and the loss of the subcooling is rapid, the r i se r steam 
volume fraction r i ses rapidly. In the middle power range (60-80 Mw), where 
the threshold of liquid carryover is reached, the void fraction tends to level 
off. In the very high power range {>80 Mw), the steam volume fraction tends 
to decrease . This behavior in the high power region is expected, since the 
subcooling is increasing rapidly with power due to carryover . 

An indication of the change in the void content can be gained 
from a simple heat balance on the core: 

Q = Wx (Ah -1- Xhfg) 

( Q / W T ) - Ah 

where X is the average mixture quality at the core exit. The average core 
and r i se r void fractions are roughly proportional to the average exit core 
mixture quality X. Therefore, the change in quality and, hence, change in 
voids was computed over the power intervals 70-100 Mw. 

The resul ts of this analysis indicate that the rate of void 
fraction increase decreases as the power is increased. Between 80 and 
90 Mw there is virtually no change in exit quality; hence, the core and 
r i se r void fractions tend to remain nearly constant. Between 90 and 95 Mw, 
it appears that the void content actually decreases ; hence, the reactivity 
increases This behavior is shown in Fig. 11 and was corroborated by the 
control rod movements made over this power interval, as is discussed in 
Section III-B, Physics . 

Data on the rate of quenching of the steam carr ied under 
were obtained in the lower downcomer and the upper downcomer where the 
r i s e r was necked down (see Figs. 12 and 13). 



26 

An insight into the col lapse-rate pattern of the steam 
bubbles can be gained from a rough theoretical analysis of the problem. 
If it be assumed that the collapse of a vapor bubble in a subcooled liquid 
is governed primarily by the rate of heat transfer at its surface during 
the major fraction of its life time and that the bubble is moving m a quies
cent fluid, a theoretical collapse rate can be computed. Undoubtedly, in a 
highly turbulent region the collapse rate of a bubble would be much higher 

thanpredicted. However, the quali
tative effect of subcooling on the 
collapse rate is considered fairly 
accurate. 

Figure 14 shows the resul ts 
of some rough calculations which i l 
lustrate the strong effect of subcool
ing on the collapse rate of bubbles 
of various diameters . As the sub
cooling increases , the time required 
to collapse the vapor bubble de
c reases . Thus, at the top of the 
downcomer, where the cold feed-
water is injected, the subcooling is 
maximum, the collapse rate is l ike
wise at a maximum, and one would 
expect a sudden large drop in the 
void content. 
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Fig. 14. Effect of Subcooling on 
Bubble Collapse Time 

In an EBWR-type reactor in 
which cold feedwater is injected into 
the downcomer, the subcooling at 
core entry would vary from one de

gree at ~10 Mw to ~12 degrees at 100 Mw, assuming no carryunder. At 
low powers, the collapse rate is at a minimum; thus, a large quantity of 
steam carryunder would reflect a high steam volume fraction. As power 
is increased, the theoretical subcooling increases and thus the bubble col
lapse rate increases. Hence, for the same amount of steam carryunder , 
the steam volume fraction would be lower. In the very high power range 
(>75 Mw) where excess cold water is injected due to the liquid carryover , 
the collapse rate is even greater; and despite maximum carryunder, a low 
steam volume fraction would be expected. Moreover, because of liquid 
carryover, the steam volume fraction would decrease with power. Fig
ure 15 illustrates the type of void pattern that was expected in the upper 
region of the downcomer. In the lower downcomer region virtually all the 
steam voids would be condensed because of the relatively long transient 
time involved. This is especially true in the very high power range, where 
an excess of feedwater is injected. 
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Fig. 15 

Steam Volume Fraction as a Func
tion of Reactor Power, Showing 
Void Pattern Expected in Upper 
Region of Downcomer 
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The steam volume fraction data obtained from the upper 
and lower downcomer are shown in Figs. 12 and 13, respectively. At first 
glance, the data appear to be e r ra t ic , with excessive scatter . However, 
upon closer scrutiny, trends s imilar to those just described can be deduced 
which apparently substantiate the foregoing analysis. The major deterrent 
to establishing conclusive patterns is that the data were not taken over the 
entire power range at a fixed interface height. However, as shown in 
Fig. 12 at the lowest powers and lowest interface heights, the steam volume 
fraction in the upper section of the downcomer is maximum. As the inter
face height is ra ised and the power is increased, the steam volume fraction 
decreases in a manner similar to that predicted. In the lower region of 
the downcomer, the steam volume fraction is virtually zero under all con
ditions (see Fig. 13). 

e. True Liquid Level. The difference between the level as 
indicated by the water column and the actual vapor-liquid interface level 
in the reactor is shown in Fig. 16. 
The height differential is a resul t of 
the steam voids present in the core, 
r i se r , and downcomer, and the "bub
ble bed" above the r i s e r . The voids 
that a re formed in the reactor core 
flow through the r i s e r and are en
trained in the downcomer, displac
ing an equal volume of water; this 
causes an increase in the mixture 
height. The water level above the 
r i se r is , in turn, further expanded 
by the vapor flowing through it; this 
creates a two-phase mixture or 
"bed." As can be seen in Fig. 16, 
the discrepancy between the two 
levels can be quite large. The height 
differential is pr imari ly a function 
of the reactor power and increases 
as the power is increased. In the 
very high power range for which liquid carryover occurs , the height differ
ential levels off and begins to decrease . This is a resul t of the sudden 
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Fig. 16. Height Differential Between 
Actual Interface Level and 
Water Column Level as a 
Function of Reactor Power 
and Various True Mixture 
Interface Levels. 
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increase in subcooling and, hence, decrease in core and r i s e r void content. 
The scatter of the data increases with power. This is probably due to the 
fact that the interface becomes more turbulent and less defined. The 
maximum er ror in establishing the average interface level was estimated 
to be 9 in. 

f. Liquid Carryover. The three methods employed to de ter 
mine the liquid carryover were described ear l ie r . The resul ts a re com

pared in Fig. 17. They represent 
the first set of carryover m e a s u r e 
ments taken. Accordingly, these 
data are prel iminary, since the true 
mixture interface levels were not 
determined at this t ime. The data 
do, however, serve to point up the 
agreement among the three techniques. 

Only limited data were ob
tained from the sampling probes be
cause of time considerations and 
termination of the project; however, 
some interesting trends are i l lus
trated in Fig. 18, where the per cent 
liquid carryover is plotted as a func
tion of the distance above the true 
interface. A family of curves is 
obtained for varying superficial 
vapor velocities; hence, it is readily 
apparent that carryover rates can
not be expressed in t e rms of super
ficial vapor velocities alone. The 
height of the steam dome must also 

be specified. As the actual steam dome height decreases , the carryover 
increases rapidly. 
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Fig. 17 Per Cent Liquid Carryover 
as a Function of Reactor 
Power, Showing Compari
son of Data Obtained from 
Three Sources 

Fig. 18 

Per Cent Liquid Carryover as a 
Function of Distance Above Vapor 
Interface for Various Superficial 
Vapor Velocities 
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Fig. 19. Liquid Carryover as a 
Function of Reactor Power 
and Various Water Column 
Levels (Data from Heat 
Balance on P r imary 
Reboiler) 

rived from the reactor with loop data obtained under static conditions (no 
fluid recirculation) shows that the magnitude of the carryover is larger for 
the reactor under the same conditions of vapor velocity and dome height. 
The amount of liquid carryover measured in the reactor was much larger 
than had been expected. 

The liquid carryover data de
rived by the heat-balance technique are 
the most accurate and probably of grea t 
est interest , since they represent the 
actual amount of water car r ied over into 
the turbine bypass line and the pr imary 
reboi lers . As il lustrated inFig . 19, the 
initiation of carryover occurs at differ
ent power levels for different interface 
heights. At 60 Mw, the carryover 
s tar ts at a superficial velocity of 
1.1 ft /sec and with a steam dome height 
of 30 in. As the steam dome height is 
increased, the superficial vapor veloc
ity required to initiate large amounts 
of carryover also increases . 

A comparison of the data de-

B. Physics 

The resul ts of the detailed physics studies that were made on EBWR 
are given in References 7 and 10. However, some pertinent physics data 
and pa ramete r s are presented below which corroborate the effect of the 
vapor-liquid separation process on reactor performance. 

1. Functions of Spike Fuel Assemblies 

The mer i t s of and the reasons for the selection of the 100-Mwt 
core loading shown in Fig. 3 are described in detail in Reference 10. One 
of the prime considerations which govern the arrangement of the spike fuel 
assemblies was to achieve as flat a power distribution as was possible. 
Other considerations included the use of boron-stainless steel strips to 
provide excess reactivity through the use of a burnable poison. However, 
owing to termination of the water reactor program, this latter objective 
was no longer of importance. Consequently, the pr imary functions of the 
s t r ips attached to the spike fuel assemblies were: (l) to control the r eac 
tivity of the core, and (2) to provide the desired flexibility in effecting in
c reases in reactivity as required. 
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In planning the power operation of the reactor , the number of 
boron strips per spike was initially reduced to an average of 1.57. With 
this configuration ~5% reactivity was available for steam-void formation 
within the core. 

2. Core Paramete rs 

Pr ior to making power runs, the control rod system (with 
Zircaloy-2 followers) was calibrated. The results are plotted in Fig. 20. 

4 8 12 16 20 24 28 32 36 40 

OOMROL RODS BANK POSITION (INOHES ABOVE BOTIOM OF CORE) 

112-2629 

Fig. 20. Bank Control Rod Calibration 

In addition, some void coefficient measurements were made 
with the aid of four void simulators installed in the fuel assembl ies . Owing 
to dimensional limitations, the void simulators were confined to the thin, 
enriched plate assemblies. The measurements made with H3BO3 in the 
reactor were of particular interest. Extrapolation of these data indicated 
a negative void coefficient for concentrations as high as 10 gm H3BO3/ 
gal H2O in the core (2640 ppm). 

a. Reactivity Distribution. A series of runs were then made 
over a power range from 0 Mw to 60 Mw. Control of reactivity was achieved 
primarily by control rod movements for the operating range of 0-40 Mw; 
at 40 Mw and with equilibrium xenon, the rods were all out. Above 40 Mw, 
control was achieved by reducing the H3BO3 concentration in the core water. 
At the 60-Mw power level, -0 .5% p was available to effect further increase 
in reactor power. 
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In o r d e r to ob ta in p o w e r s g r e a t e r than 65 Mw, it w a s n e c e s 
s a r y to r e m o v e a d d i t i o n a l s t r i p s f r o m the spike e l e m e n t s . The c o r e r e a c 
t iv i ty w a s i n c r e a s e d ~ 2 % by r e d u c i n g the n u m b e r of b o r o n s t r i p s to one s t r i p 
p e r sp ike in the c e n t r a l r i ng of 28 s p i k e s . Th i s gave a to ta l of ~10 .5% c o r e 
r e a c t i v i t y a f t e r deduc t ing 0.6% for bu rnup dur ing t h e s e p o w e r r u n s . Th i s 
a l l o w e d ~ 1 . 5 % p to i n c r e a s e the power above 65 Mw. The m a x i m u m r e a c 
t iv i ty tha t could be added w a s g o v e r n e d by the e s t a b l i s h e d shutdown c r i t e r i a . 

A s u m m a r y of r e a c t i v i t y d i s t r i b u t i o n in the c o r e is g iven 
be low: 

R e a c t i v i t y r e q u i r e d f r o m cold to hot , z e r o voids ~ 1% p 
R e a c t i v i t y t i e d in s t e a m voids for 60-Mw o p e r a t i o n ~ 5% p 
Add i t iona l r e a c t i v i t y for o p e r a t i o n beyond 60 Mw ~ 1.5%p 

Xenon po i son ing a t 80 Mw ~ 2.8%p 
T o t a l r e a c t i v i t y ~10 .5%p 

Con t ro l r o d w o r t h (cold r e a c t o r ) ~ l l % p 
R e a c t i v i t y w o r t h of H3BO3 for 1 gm of 

H3B03/ga l H2O (264 ppm) ~ 1.0%p 

b . P o w e r Coeff icient . The effect of s t e a m c a r r y u n d e r and 
l iquid c a r r y o v e r c a n r e a d i l y be deduced f rom power coeff ic ient m e a s u r e 

m e n t s m a d e over the power r a n g e 
f r o m 0 Mw to 80 Mw for a fixed 
w a t e r c o l u m n l eve l . P o w e r coeff i 
c i e n t s w e r e ob ta ined by d e t e r m i n i n g 
the change in r e a c t i v i t y effected by 
c o n t r o l r od m o v e m e n t s and by r e 
m o v a l of b o r i c ac id . T h e s e da ta a r e 
shown in F ig . 2 1 . In the lower p o w e r 
r a n g e , the power coeff ic ient i n c r e a s e s 
wi th i n c r e a s i n g r e a c t o r p o w e r . It 
p e a k s at about 55 Mw, beg ins to d e 
c r e a s e , and t ends t o w a r d z e r o . The 
p e a k c o r r e s p o n d s roughly to the 
p o w e r l e v e l a t wh ich l iquid c a r r y o v e r 
c o m m e n c e s and r e a c t o r subcool ing 
b e g i n s to i n c r e a s e . Below 60 Mw, 
the c a r r y u n d e r p h e n o m e n o n is p r e 
dominan t ; t h i s is r e f l e c t e d in the in 
c r e a s i n g power coeff ic ient . Above 
60 Mw, l iquid c a r r y o v e r b e c o m e s 
the d o m i n a t i n g f ac to r and the power 
coeff ic ient d e c r e a s e s . An e x t r a p o 
la t ion y i e l d s a z e r o va lue a t ~95 Mw. 
M o r e o v e r , the e x t r a p o l a t i o n i n d i c a t e s 

95 Mw the power would con t inue to i n c r e a s e wi thout i n t r o d u c -
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Such a sequence of events actually occurred in the EBWR, 
as evidenced by the data in Table III. With the rod bank at 34.4 in. and 
the center rod at 40 in., the reactor was at a power level of 67.7 Mw The 
rod bank was raised to 38 in. and the power increased to 84.9 Mw. How
ever, the reactor did not reach an equilibrium power level, but increased 
over a 10-min interval to a level of 94.4 Mw, At this point the whole rod 
bank was reinserted to 36.7 in. After a ser ies of rod manipulations an 
equilibrium power of 90.7 Mw was achieved with the rod bank at 37.7 in. 
This rod bank position at 90.7 Mw is lower than the corresponding positior 
at 84.9 Mw. This unique behavior, attributed pr imar i ly to liquid c a r r y 
over, was undoubtedly aided, to some extent, by the expulsion of boric 
acid from the reactor through the mechanism of carryover . 

Table III 

CONTROL ROD POSITIONS VS. POWER 

(Boric Acid Content = 1 gm/gal) 

Time 

1245 
1338 
1348 
1404 
1430 
1510 

Rod F 

1-8 

34 4 
38 
38 
36.7 
36.7 
37.7 

'osi 

in. 

.tions. 

Center 

40 
40 
40 
36.7 

36.7 

37.7 

Rod 
Power 
Mwt 

67 7 

84,9 
94.4 
82.0 
80.6 
90.7 

The same reactor behavior pattern can be seen in the r e 
activity versus power level plot shown in Fig, 22. Below 60 Mw, a single-
valued functional relationship exists between the two p a r ame te r s . The 
branching of the curve at 60 Mw is a result of the car ryover mechanism. 
It is apparent that the maximum power that could be attained (all rods 
out and boric acid concentration <40 ppm) was governed directly by the 
liquid level. For a water column level of 14 ft 10 in., the maximum 
power level was 72 Mw. When the water level was ra ised to 16 ft, the 
design power level of 100 Mwt was readily achieved, with ~0,65% p 
remaining. 

c. Void Coefficient of Reactivity. The void coefficient 
Ak/AV of the core was computed to be 0.195 for a change of 0-10% in 
the average void content of the core. This value was obtained from 
rough prel iminary calculations. Detailed calculations, which will take 
into consideration the increased void content, are in p rogress . Based 
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on this prel iminary analysis, an estimate of the average void content in 
the core was made as a function of power, and is shown in Fig. 23. In
cluded are the average void fractions computed from thermal hydrodynamic 
analyses by use of the measured reactor subcoolings. As can be seen, the 
average core coolant void fraction derived from physics and thermal 
hydraulic considerations are in fair agreement. 

112-2641 
REACTOR POWER. M* 

Fig. 22. Reactivity vs. Reactor Power 

Fig. 23 

Mean Core Steam Volume 
Fraction vs. Reactor Power 

112-2643 
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d. Neutron-flux Distributions. A method was developed for, 
and used in, the EBWR for characterizat ion of the neutron flux as a function 
of location in the core, reactor power, and reactor control p a r a m e t e r s . 
Bare and cadmium-covered cobalt foils were introduced and accurately 
positioned for irradiation in selected locations in the core. After i r r ad i a 
tion, they were removed without affecting reactor operation. 

The activation detector foils were prepared as small spheres 
ground to precision tolerances. This shape and close dimensional control 
eliminated individual weighings and obliquity effects in the isotropic flux, 
and greatly simplified automatic analysis. 

The activated foils were analyzed with conventional ins t ru
mentation, and the thermal and resonance neutron-flux components were 
calculated. Figures 24 and 25 show typical thermal neutron-flux dis t r ibu
tion isogram plots constructed from several axial plots to show both axial 
and radial distributions in one quadrant of the core. The left margin of 
each plot represents the center line of the core. 

The power level for both isogram plots was 40 Mw. The 
boric acid concentrations were 25 ppm and 1200 ppm for Figs. 24 and 25, 
respectively. It will be noted that the peak power in the presence of soluble 
poison control is considerably lower [highest isogram is 2.6 x lO'^ n / 
(cm )(sec)] than the peak power in the absence of a significant concentration 
of soluble poison [highest isogram is 3.75 x lO'^ n/(cm^)(sec)]. The effec
tive core size is much larger and better distributed in the presence of 
soluble poison shim control and should resul t in a more uniform burnup 
of the fuel throughout the core. 

Isogram plots were also prepared to show the effect of 
reactor power level on thermal and resonance neutron-flux distribution, 
and to show the effect of operation with the control rods in an unusual 
non-banked configuration (see Reference 8). 

C. Specific Observations 

1. Fuel Assemblies 

The original EBWR core contained 114 fuel assembl ies su r 
rounded by 32 aluminum dummy fuel assemblies to fill the grid plate. 
This core remained essentially undisturbed for about 3 yr in the reactor 
vessel . During this time, deposits varying in thickness (up to 0.008 in.) 
had built up on the fuel-plate surfaces. Attempts to remove the deposit 
proved not practical . Analysis of sample scrapings revealed a composi
tion of 67 w/o boehmite (A1203-H20), 25 w/o nickel, and 8 w/o iron. 
Consequently, the aluminum dummy fuel assemblies were adjudged the 
principal source of the scale. The exact mechanism of deposition has 
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112-2620 
Fig. 24. Thermal Neutron Flux Isogram Plot for Reactor Power of 40 Mwt and 

Soluble Poison Concentration of 25 ppm Boric Acid 
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Fig. 25. Thermal Neutron Flux Isogram Plot for Reactor Power of 40 Mwt and 
Soluble Poison Concentration of 1200 ppm Boric Acid 
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not been resolved; however, it is fairly well established that the mass 
t ransfer is from the dummy fuel boxes to the coolant and then to the active 
fuel plates , pr imar i ly on the boiling a reas of the plate surfaces. All alu
minum dummy fuel assemblies were removed from the core in order to 
provide space for the additional spike fuel assemblies of the high-power 
runs. 

This scale was a mat ter of deep concern during operation at 
elevated powers. The existing scale on the fuel plates represented a 
b a r r i e r to effective heat t ransfer . The thermal conductivity of the scale 
had been est imated to be less than 1 Btu/(hr)(ft^)(°F/ft). At elevated 
powers, the scale could promote a central fuel temperature of ~1125 F. 
At this t empera ture , the creep strength of the uranium alloy would be 
reduced, and the fission gas trapped in the fuel plates could cause con
siderable swelling. It was feared that some fuel plates would eventually 
rupture. 

Initial evidence of fuel growth was observed upon completion 
of the 85-Mwt power level phase of the program. Cursory examination of 
the plate assembl ies (under the core water) revealed that the side plates 
were slightly distorted, with some loss of the scale. There were no de
tectable physical defects in the fuel plates. 

After shutdown from 100 Mw, some plate and spike fuel a s s e m 
blies were removed for visual examination. There were no perceptible 
changes in the spike assembl ies ; however, definite changes were observed 
in the plate-type assembl ies . The perforated side plates had buckled about 
Yg- in. between spot welds (in the horizontal position and not between fuel 
plates). Maximum deformation occurred in the region of highest flux and 
diminished toward the ends of the fuel plates. 

The following comments a re subject to confirmation by current 
destructive and nondestructive tes ts with these assembl ies . The buckling 
may be attr ibuted to the difference in expansion coefficients of the Zircaloy-
clad metal l ic fuel and the Zircaloy side plates. However, the fuel plates 
did not buckle because the clad was bonded to the fuel. During the high-
power runs, the side plates may have exceeded their elastic limit and as 
a consequence, buckled as the metal l ic fuel plate contracted after reactor 
shutdown. With respect to the loss of some scale: evidently at some power 
above 60 Mwt, the scale was subjected to a shearing s t ress induced by 
expansion of the fuel pla tes . Undoubtedly, the descaling process improved 
heat t ransfer between fuel plates and the pr imary coolant. At this t ime, 
it can only be speculated that a redistr ibuted deposition of the spallings 
would have occurred with continued operation. 
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2. Radiation Levels 

During reactor operation and/or subsequent shutdown, 
authorized personnel were permit ted to enter the Containment Shell and 
the Reboiler Building for purposes of performing experiments or main
tenance on system components. The following sections describe briefly 
the radiation levels that were encountered, the contributing factors , and 
the corrective measures that were taken. 

a. Transport of Corrosion Products . Scale spalling from 
the fuel plates presented some radiation problems, par t icular ly in the 
subreactor room. The settling and accumulation of this scale in control 
rod rack housings and flanged appendages for the original forced-
circulation nozzles created radiation levels up to 20 r / h r at contact. 
Blow down of these nozzles (to a dump tank) effected a reduction in 
surface radiation to 3-5 r / h r . 

At power levels above 65 Mw, at which water car ryover 
with the steam was encountered, fine part ic les of scale were entrained 
with the water. These part icles did not plate out on any surfaces external 
to the reactor vessel , but were eventually collected in the full-flow con
densate fi l ters. Radiation levels external to the filter vesse l s normally 
are 10-15 m r / h r , but with carryover the levels increased to 20 r / h r . 
Irradiated part icles of scale were also collected in the reac tor wate r -
purification filters and resin beds. These vessels are shielded with 
lead (4 in. thick); therefore, no significant radiation levels were 
encountered. 

A fine coating or iron oxide (rust colored) was deposited 
on all the surfaces that were contacted by the p r imary fluid. It is believed 
that the bulk of the iron came from the carbon steel condenser shell and 
some of the carbon steel piping. 

b. Plant Activities. Radiation levels in the Containment 
Shell and in the Reboiler Building can be attributed p r imar i ly to N^^ 
(half life = 7.4 sec) except for liquid carryover of i r radia ted corrosion 
products. The amount of liquid car ryover is a function of the reac tor 
power and is especially sensitive to interface level in the reactor vesse l . 
With no carryover , radiation levels in the Containment Shell were essen
tially the same as was reported for 20-Mw operation.(l) This was true 
whether the reactor was operated at 20 Mw or at 80 Mw. The original 
20-Mw plant and the reboiler plant were operated in para l le l ; steam in 
excess of 20 Mw was shunted to the reboi lers . Since N^^ is the p r imary 
contributor of activity, and decays through several half-lives before it 
r e -en te rs the containment shell, it retains only very minute amounts of 
activity. Table IV lists typical radiation levels reg is te red in the Contain
ment Shell. 
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Table IV 

RADIATION LEVELS IN CONTAINMENT SHELL ( m r / h r ) 

Power Distribution 

Monitor Location 

Turbine 
Plant Main Floor Area 
Steam Dryer 
Air Ejector 
Condenser Hotwell 
Plant Air Exhaust Duct 
Air Ejector Gas Fi l ter 

22 

55 
Mwt to Turbine 

Mwt to Reboilers 
(10/31/62) 

46 
0 

1100 
1700 
no 

70 
100 

15 Mwt through 
Turbine Bypass 

75 Mwt to Reboilers 
(11/1/62) 

10 
0 

1100 
2000 

280 
50 
70 

3.3 Mwt through 
Turbine Bypass 

53 Mwt to Reboilers 
(11/1/62) 

6 
0 

4 0 0 
80 
50 
30 
4 0 

One unexpected source of radiation was detected in the 
subreactor room. An intense neutron beam was emitted from each of the 
two, large, forced-circulation piping nozzles that extend through the 
shielding beneath the reactor . Neutron streaming which occurred in the 
annuli between the 12-in. pipes and their respective 20-in. sleeves was 
attributed to enlargement of the initial 4-ft-diameter core to a 5-ft-diameter 
core. As a consequence: (1) the core was in closer proximity to the noz
zles , and (2) the shielding afforded by the water in the core downcomer 
was diminished. Further neutron streaming was precluded by filling the 
annuli with water to a height that extended ~1 ft into the biological shield. 

Figure 26 shows the radiation levels registered at various 
locations in the Reboiler Building. The primary system components are 
enclosed by a concrete wall (l ft thick). The maximum radiation level at 
the outer surface was 15 m r / h r . 

Upon termination of the experimental program, the turbine 
was dismantled for routine inspection. The maximum radiation level on 
any surface was 1 m r / h r at contact. The inside surfaces of the turbine 
had been plated with 0.005 in. of nickel by the Kanigen process . Most of 
this plating had eroded, especially in areas where steam velocity was 
highest. Otherwise the turbine appeared to be in good condition. 

c. Fission Gas Release. As a point of interest , fission gas 
re lease due to fuel-element failure has not been experienced throughout 
the history of EBWR operation. The fission gases that were detected 
(see Fig. 27) are attributed to fission of t ramp uranium that adhered to 
the plate surfaces during fabrication. Minute amounts of X e ' " were also 
detected but a re not shown in the figure. 
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•MAXIMUM READINGS OBTAINED WHEN REACTOR WAS OPERATING AT 90 Mw(t) WITH 70 M»{t) BEING SENT TO THE REBOILERS. 

READINGS WERE 2" FROM SURFACES EXCEPT IN DOORWAYS WHERE A GENERAL BACKGROUND LEVEL IS GIVEN. 

Fig. 26. Location of Radiation Measurement Points in Reboiler Building 
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Fig. 27. EBWR Fission Gas Release 
vs. Reactor Power 

Gas samples from the exhaust stack and, also, downstream 
of the air ejector were filtered and drawn into evacuated collectors. 

Two methods of gas analysis were employed. Briefly, a 
chemical method was used for gases decaying into a radioactive particulate 
daughter. The activity of the daughter is determined and, from equilibrium 
information, the activity of the gaseous parent can be calculated. This 
method is satisfactory for Xe''^ and Kr^*. The second method involved the 
use of a single-channel, pulse-height analyzer. This method is satisfactory 
for determining the longer half-life products, such as Xe'^^ and Xe"^. A 
detailed description of both methods is given in Reference 3. 

3. On the Use of Soluble Poisons (Boric Acid) 

From time to time, questions are raised about the use of boric 
acid for augmentive control in an operating reactor. The term: "hideout" 
is used occasionally. Other questions pertain to improper or incomplete 
mixing, or to operational difficulties such as crystallization and reliability 
of monitoring the boric acid concentration. 

a. Hideout. The EBWR has had many months of operation 
with boric acid in the reactor at concentrations in general not exceeding 
5 em/ga l Hideout has not been experienced. If it does exist, the quantities 
must be very minute and do not present a problem. Saturated steam leav
ing the reactor (assuming no water carryover) ca r r ies a boric acid con
centration of one part in seventeen of that present in the reactor water. 
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This is due to volatilization and not car ryover . This means that the con
centration in the condenser hotwell is approximately 6% of the concentration 
in the reactor vessel . This presents no problem, since equilibrium is 
established within a few minutes during reactor operation. However, where 
large amounts of water are car r ied over with the steam, entrained boric 
acid is carr ied over with the water. For example, during a power run at 
91.5 Mw, the boric acid concentration in the hotwell was 186 ppm, whereas 
it was 422 ppm in the reactor vessel . V/ithout car ryover and with a con
centration of 422 ppm in the reactor , the normal concentration in the hot-
well would be about 25 ppm. 

b. Dilution. During cold cri t ical experiments , the boric acid 
concentration in the reactor vessel was easily varied by dilution. This 
simply involved adding clean water, mixing, and then draining the vessel 
to a predetermined level. 

Dilution of the poison by the addition of clean water is re la 
tively slow. As far as reactivity hold-down is concerned, boric acid presents 
no real hazard with one possible exception. Mixture of boric acid solution 
with the reactor water may be a problem when there is no natural convec
tion. This will not prevail during operation or if sufficient core decay heat 
is available to induce natural circulation. 

To obtain good mixing in the EBWR, air was bubbled through 
the reactor water for 15 min after the addition of boric acid (with the vessel 
pressure at atmospheric conditions). There was no indication of c rys ta l l i 
zation or settling out of the crystals once a homogeneous solution was ob
tained, even with concentrations up to 2,640 ppm. 

c. Removal. During reactor operation, removal of the soluble 
poison was accomplished with the reactor water-purif icat ion system in 
conjunction with an anion-resin-bed ion exchanger. Yv^ater was pumped 
from the reactor at about 8 gpm, cooled, and passed through the anion 
resin bed (of 9-cu ft volume). Subsequently, the water was circulated 
through a standard mixed-bed ion exchanger (1.2 cu ft of resin) to insure 
neutral water, reheated, and ptrmped back to the reac tor . In this manner , 
the boric acid concentration in the reactor was reduced by a factor of 
two in about 5 to 6 hr. 

d. Monitoring. Two pr imary monitoring methods were used 
to determine the boric acid concentration: (1) continuous monitoring of 
water flowing through a sample cell in the purification system, and 
(2) bi-hourly determinations in an apparatus designed for individual sam
ples. Both methods are based on neutron absorption by the poison. A 
chemical titration method was used periodically as a check on the 
monitors . 
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The neutron-absorption method is based on a high cross 
section of boron-10 for thermal-neutron capture. The apparatus consists 
of a plutonium-beryllium source (lO' n/sec) and a detector arranged in a 
cell of suitable geometry. Reactor water circulates continuously through 
the cell. The concentration of boron determines the attenuation of the 
thermal-neutron flux between the source and the detector. 

In EBWR, a signal from the neutron ionization detector 
chamber was measured with a vibrat ing-reed electrometer in a circuit 
incorporating feedback stabilization and control. A continuous recorder 
in the control room indicated the boric acid concentration. 

D. Reactor Transfer Function Measurements 

1. Methods 

EBWR stability was determined by measuring the reactor 
t ransfer function at selected power levels and extrapolating the resul ts 
of these measurements to obtain an upper limit for stable operation. 
Measurements were made at 10, 20, 40, 60, and 71 Mw. The data indicated 
a maximum stable power of 120 Mw. 

a. Sinusoidal Reactivity Input. The power transfer function 
was obtained by exciting the reactor with a sinusoidal reactivity input, 
and measur ing the amplitude and phase shift of the neutron-flux output 
with respect to the control rod input at selected frequencies. The inherent 
noise of the boiling process tended to reduce the accuracy of the m e a s 
urements ; therefore, noise-reject ion techniques based on c r o s s -
correlat ion were used. 

Cross-corre la t ion of the control rod position (input) and 
neutron flux (output) allowed the reactor transfer function to be calculated 
with the des i red degree of accuracy. Two methods were employed to 
compute the c ross -cor re la t ion . One method used an analog computer to 
multiply the output signal by sin LDt and cos cut, and to integrate the resul t 
ing products; the resulting vector is the magnitude and phase angle of the 
output signal. The other method employed a digital-recording system 
which converted the analog input and output signals to digital data, and 
s tored these data on a magnetic tape. The magnetic tape was then used 
to enter the experimental data into an IBM-704 computer. The digital-
computer program was written to compute the c ross -cor re la t ion of the 
input-output signals, and the amplitude and phase shift of the reactor 
t ransfer function. 
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The m e a s u r e d p o w e r t r a n s f e r func t ions a r e shown in 

F ig . 28. The gain is g iven by 

20 Logio [(An/no)/{Ak/ |3)] 

w h e r e 

An = peak value of s i nuso ida l c o m p o n e n t of n e u t r o n flux 
no = a v e r a g e n e u t r o n flux 

Ak = r e a c t i v i t y 
/3 = delayed-neutron fraction. 

The absolute gain of the power transfer function was not measured directly 
because of the uncertainty in control rod worth in the presence of voids. 
Therefore, the data of Fig. 28 were normalized to the zero-power transfer 
function by providing a best fit to the three highest frequency points. This 
type of normalization is valid provided the feedback is negligible at these 
frequencies. 

112-2647 

Fig. 28. Reactor Transfer Functions 



Reactor stability was examined by calculating the closed 
loop gain and phase margin. The block diagram of the reactor with feed
back is shown in Fig. 29. The power transfer function is given by 
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P = 
Flux output 

1 + GH Reactivity input 

where P, G, and H are complex quantities and functions of frequency. In
stability exists when GH = - 1 , or when | G H | = 1 with the simultaneous 
condition of/GH = -180°. The terms GH can be extracted from the ex
perimental data by substituting G and P in the equation 

GH ? - • 

The zero-power reactor transfer function G is measured at very low power 
pr ior to the onset of boiling. 

R E A C T l V I T Y - - { ^ 

INPUT 

NET 
REACTIVITY 

ZERO POWER 
TRANSFER FUNCTION 

POWER 
REACTIVITY 

EFFECTS 

FEEDBACK 

TRANSFER FUNCTION 

POWER OUTPUT 

Fig . 29 

Block Diagram of Reactor 
with Feedback 
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A plot of |GH| at -180° and of phase margin as function of 
power is shown in Fig. 30. Phase margin is the additional phase shift that 
must be added to the /GH to obtain a total phase shift of -180° at | G H | = 1. 
Extrapolation of the gain and phase margins indicates a maximum stable 
power of 120 Mwt for the EBWR. 

The maximum power achieved with all control rods with
drawn and with - 2 % carryover was 60 Mwt (before destripping ~2% worth). 
To increase power above 60 Mwt, the mode of reactor operation was modi
fied and operation up to 100 Mwt was achieved by increasing feedwater flow 
to the reactor . This increased the subcooling which, in turn, provided 
additional reactivity. 

b Autocorrelation. Operation at the higher powers required 
all control rods to be withdrawn; consequently, the center rod was not 
available for transfer function measurements . At powers above 70.7 Mwt, 
only noise data were taken; autocorrelation functions and power-density 
spectrums were computed. 
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Fig. 30. Reactor Gain and Phase Stability 

Figure 31 shows a time record of the neutron flux at 
100 Mwt. The autocorrelation function is defined as 

; T ) f(t) f(t + T ) dt 

Figure 32 shows the autocorrelation function at 100 Mwt. 

The square root of 0(0) gives the root-mean-square (rms) 
flux noise. Table V lists the rms noise under various conditions of power 
level, water level, p ressure , boric acid concentration, control rod position, 
and whether the upper or lower feedwater ring was used. 

c. Noise Frequency Spectrum. The Fourier transform of the 
autocorrelation function gives the energy density or power spectrum: 

*(co) = 
27T 

0 ( T ) exp(-ja)T) d r 

Figure 33 shows the 100-Mwt power spectrum. The 100-Mwt autocorre la
tion and power spectrum were computed with the IBM-704 digital computer, 
a total of 2000 samples being taken at 0.096-sec intervals. The maximtim 
shift T used in computing the autocorrelation function was 200 samples. 
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Fig. 31. Reactor Power vs. Time as Recorded Directly from 

Ionization Chamber Output 

Fig. 32 

Autocorrelation Function at 
100 Mwt 
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Table V 

ROOT-MEAN-SQUARE NOISE UNDER VARIOUS REACTOR OPERATING CONDITIONS 

P r e s s u r e , 
psig 

3 0 0 
3 0 0 
3 0 0 
3 0 0 
6 0 0 
6 0 0 

6 0 0 
6 0 0 
6 0 0 
6 0 0 
6 0 0 
6 0 0 
6 0 0 
6 0 0 
6 0 0 

600* 
600* 
600* 
600* 
600* 
600* 
600* 
600* 
600* 
600* 
600* 
600* 
600* 
600* 

Power , 
Mw 

10.0 
10.0 
20.0 
20.0 
11.5 
10.1 
10.0 
13.4 
20.1 
20.0 
40.0 
40.0 
60.0 
70.7 
71.0 
79.3 
74.8 
75.8 
76.8 
72.0 
82.0 
90.7 

100.0 
60.0 
56.0 
60.7 
78.1 
74.7 
82.0 
84.6 

*Automatic 

Water 

Level , 
f t- in. 

16-0 
16-0 
16-0 
16-0 
16-0 
16-0 
16-0 
16-0 
16-0 
16-0 
16-0 
16-0 
16-0 
16-0 
16-0 
16-0 
16-0 
16-0 
16-0 
16-0 
16-0 
16-0 
15-9 
16-0 
15-3 
15-3 
15-3 
16-0 
14-3 
15-3 

Bor ic Acid 

Concent ra t ion , 
g m / g a l 

4 . 0 

0 .1 

4 . 0 
0 .2 

5 .0 

0 .2 

0 .2 
0 .2 

3 .9 
0 .1 

0.2 

2 . 7 
0 .5 

1.1 

1.0 

1.1 
1.7 

1.7 
1.2 

1.2 

1.2 

1.2 

0 .1 

0 

0 

0 
0 

0 
9 

? 

F e e d w a t e r 
Ring 

Lower 
Upper 
Lower 
Upper 
Lower 
Upper 
Lower 
Upper 
Lower 
Upper 
Upper 
Upper 
Upper 
Upper 
Upper 
Upper 
Upper 
Upper 
Upper 
Upper 
Upper 
Upper 
Upper 
Upper 
Upper 
Upper 
Upper 
Upper 
Upper 
Upper 

Rods 
1-8 

27.3 
17.8 
32.2 
22.7 
29.1 
18.7 
18.4 

30.0 
22.4 
29.2 
48.0 
48.0 
40.6 
34.7 
35.2 
37.0 
34.6 
35.0 
34.0 
36.7 
37.7 
48.0 
30.0 
32.0 
34.0 
48.0 
34.0 
48.0 
48.0 

R o d 

9 

23.0 
14.5 
23.0 
14.5 
23.0 
14.5 
14.5 
14.5 
23.0 
14.5 
21.5 
30.0 
30.0 
30.0 
39.8 
39.8 
30.0 
34.6 
35.0 
40.0 
36.7 
37.7 
48.0 
40.0 
40.0 
40.0 
48.0 
40.0 
48.0 
48.0 

r m s No 

Analog 

0.97 
1.06 
1.72 
3.20 
0.81 
0.90 
0.77 
1.31 
0.97 
1.88 
3.27 
4.28 
5.64 
6.26 
4.72 
5.20 
4.86 
4.11 
4.19 
3.66 
6.88 
8.47 
6.01 
2.94 
1.38 
1.56 
2.65 
3.51 

-

i s e , % 

Digital 

0.91 
1.01 
1.89 
3.18 
0.80 
1.23 
0.78 
1.38 
1.01 
1.96 
3.20 
4.01 
4.96 
7.43 
4.55 
5.15 
4.93 
4.04 

-
3.45 
5.78 
6.57 
6.77 
2.65 
1.35 
1.47 
2.59 
3.50 
2.21 
3.35 

Fig. 33 

Noise Frequency Spectrum 
at 100 Mwt 

FREQUENCY, r a d / s e c 

112-2638 
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d. Random Reactivity Input. To utilize the digital techniques 
available more fully, the reactor was excited with a random reactivity. The 
randomness was of a part icular nature referred to as fixed-interval binary 
noise; Fig. 34 shows a signal of this type. The control rod position is varied 
about a mean position in a random manner, but the change in position is a l 
lowed to take place only at fixed time intervals. The control rod mechanism 
on EBWR was velocity limited; consequently, the actual input waveform 
appeared as in Fig. 35. 

+ 

POSITION 

3T 

TIME — 

112-2634 

Fig. 34. Discrete- interval , Binary 
Noise 

MEAN 
POSITION 

3T 4T 

T I M E - -

112-2644 

Fig. 35. Velocity-limited, Discrete-
interval, Binary Noise 

The frequency spectrum for the EBWR velocity-limited, 
d iscre te- in terval , binary noise signal is shown in Fig. 36. The frequency 
response of the reactor is obtained from the cross-corre la t ion function and 
power-spectrum calculations. Figure 37 shows the frequency response of 
the reactor obtained by use of a binary noise input. The high-frequency 
portion of the figure was obtained with a binary time interval of 0.25 sec, 
and 9000 digital samples taken at 0.096 sec per sample. The low-frequency 
portion of the record was obtained with a binary time interval of 2.0 sec, 
and 9000 digital samples taken at 0.768 sec per sample. 
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Fig. 36. Velocity-limited, Discrete-interval , Binary Noise 

Frequency Spectrum 
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F ig . 37. T r a n s f e r Func t ion a t 40 Mwt O b 
ta ined by C r o s s - c o r r e l a t i o n of 
Neu t ron F lux Output with B i n a r y 
Noise 

The ampl i t ude and phase shift of F i g . 37 a r e in c l o s e 
a g r e e m e n t with the 40-Mwt m e a s u r e m e n t shown in F i g . 28, e x c e p t for 
f r equenc ie s above 20 r a d i a n s / s e c . The ve loc i t y l i m i t a t i o n i m p o s e d by 
the con t ro l rod m e c h a n i s m r e s u l t e d in the uppe r u s a b l e f r e q u e n c y l i m i t 
of 20 r a d i a n s / s e c . This f r equency l i m i t does not a l low the da ta of F i g . 37 
to be n o r m a l i z e d to the z e r o - p o w e r t r a n s f e r funct ion; c o n s e q u e n t l y , the 
b i n a r y no ise technique was not u s e d at h i g h e r p o w e r s . It should be no ted 
that the h igh - f r equency r e s p o n s e po r t i on of F ig . 3 7 was ob ta ined in 
15 min of r e a c t o r e x p e r i m e n t a t i o n t i m e , a s c o m p a r e d with 15 m i n for a 
s ingle f requency point when us ing a s i nuso ida l e x c i t a t i o n . 

2. S u m m a r y 

Reac to r t r a n s f e r funct ions a r e useful too l s in s tudying r e a c t o r 
p e r f o r m a n c e . P r e d i c t i o n s of s t ab i l i t y at h i g h e r p o w e r s can be ob ta ined by 
ex t r apo la t i on so that i n c r e a s e s in power can be m a d e with con f idence . The 
power at which ins t ab i l i t y will deve lop a l s o can be p r e d i c t e d . 

These da ta can be u s e d to deve lop a d y n a m i c m o d e l which 
c o m b i n e s al l the des ign p a r a m e t e r s - r e a c t o r p h y s i c s , hea t t r a n s f e r , and 
h y d r a u l i c s - for the speci f ic r e a c t o r type u n d e r i n v e s t i g a t i o n . The d y 
n a m i c mode l is m o r e d e s c r i p t i v e of r e a c t o r p e r f o r m a n c e than a r e s t a t i c 
m e a s u r e m e n t s , e .g . , r e a c t i v i t y pe r unit power or uni t void p e r uni t p o w e r . 
The deve lopment of a c o r r e c t mode l then a s s u r e s s u c c e s s in o p t i m i z i n g 
the p e r f o r m a n c e on the next g e n e r a t i o n of s i m i l a r r e a c t o r s . 
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